Coronary artery spasm plays an important role in the pathogenesis of a wide variety of ischemic heart diseases. We have recently demonstrated that Rho-kinase plays a key role in the spasm in our porcine model. However, it remains to be elucidated whether Rho-kinase-mediated pathway also contributes to vasoconstriction of human arteries. From 15 patients who underwent coronary artery bypass operation, segments of isolated left internal thoracic arteries were obtained, and the endothelium was gently removed. Serotonin and histamine caused contractions, which were markedly inhibited by a specific Rho-kinase inhibitor, hydroxyfasudil. Western blot analysis showed that, during the serotonininduced contractions, the extent of phosphorylation of myosin-binding subunit of myosin phosphatase (MBS, one of the major substrates of Rho-kinase) was significantly increased in the specimens. Hydroxyfasudil again significantly suppressed the serotonin-induced increase in MBS phosphorylation. There was a significant positive correlation between the extent of MBS phosphorylation and that of the serotonin-induced contractions and between hydroxyfasudil-sensitive components of the contractions and the extent of arteriosclerosis. These results indicate that Rho-kinase plays an important role in vascular smooth muscle contractions of arteriosclerotic human arteries, suggesting that Rho-kinase could be regarded as an important target for the treatment of arteriosclerotic vascular diseases in humans. (Arterioscler Thromb Vasc Biol. 2002;22:243-248.)
C oronary artery spasm plays an important role in the pathogenesis of a wide variety of ischemic heart diseases, not only in variant angina but also in effort and rest angina, acute myocardial infarction, ventricular arrhythmias, and sudden death. [1] [2] [3] [4] The spasm is caused primarily by hypercontraction of vascular smooth muscle cells (VSMCs); however, the intracellular mechanism for the hypercontraction is still unknown, and the elucidation of this mechanism remains an important clinical issue. 5 Phosphorylation of myosin light chain (MLC) is one of the essential steps for VSMC contraction, 6 -8 which is initiated by Ca 2ϩ /calmodulin (CaM)-activated MLC kinase (MLCK) with subsequent phosphorylation of the 20-kDa regulatory MLC. 6 -8 The level of MLC phosphorylation is determined by the balance between MLC phosphorylation by MLCK and dephosphorylation by MLC phosphatase (MLCPh). Several key molecules are involved in the regulation of MLCPh activity, including Rho-kinase/ROK␣/ROCKII 9 -12 that is activated by the small GTPase Rho and CPI-17 (C-kinase-activated phosphatase inhibitor) that is specifically expressed in VSMC. [13] [14] [15] We have previously developed a porcine model of coronary spasm, in which long-term adventitial treatment with interleukin1-␤ (IL-1␤), one of the major inflammatory cytokines, induces arteriosclerotic changes and vasospastic responses of the coronary artery. 16 -22 In this model, Rho-kinase inhibits MLCPh activity by phosphorylating its myosin binding subunit (MBS) [21] [22] [23] resulting in the increased MLC monoand diphosphorylation and coronary artery hyperconstriction. 20, 21 We have recently demonstrated that Rho-kinase also plays an important role in the pathogenesis of coronary arteriosclerosis. [21] [22] [23] [24] However, it remains to be examined whether Rho-kinase is involved in VSMC contraction of arteriosclerotic human arteries.
This study was thus designed to examine whether Rhokinase and CPI-17 play an important role in VSMC contractions of human arteries.
Methods
This study was reviewed and approved by the committee of the ethics on human research at the Cardiovascular Institute of the Kyushu University Graduate School of Medical Sciences. Because the left thoracic artery obtained during coronary artery bypass operation was classified as a surgical specimen, its use was exempted by the committee from required patient consent.
Sampling and Preparation of Human Arteries
Fifteen patients who underwent coronary artery bypass operation were included in this study. During the operation, distal segments of the left internal thoracic arteries (LITA) were obtained. These samples were carefully cleaned of any perivascular tissue in cold physiological salt solution of the following composition (mmol/L); NaCl 121, KCl 4.7, NaHCO 3 24.7, MgSO 4 12.2, CaCl 2 2.5, KH 2 PO 4 1.2, and glucose 5.8. Physiological salt solution was aerated with 95% O 2 and 5% CO 2 . For all experimental protocols, the endothelium was removed by gently rubbing of the luminal surface with a cotton swab in order to examine VSMC functions alone. 22 All samples were cut into rings measuring approximately 4 mm in length.
Organ Chamber Experiments
Arterial rings were fixed vertically between two hooks in an organ bath of 20 mL capacity filled with Krebs solution. The hook anchoring the upper end of the strip was connected to the lever of a force transducer (Nihon-Kohden). Each preparation was stretched in a stepwise manner to an optimal length at which the force induced by 62 mmol/L KCl became maximum and constant. 20 -22 The contractions to serotonin (1 nmol/L to 10 mol/L) and to histamine (1 mol/L) were then examined in the absence and presence of hydroxyfasudil (3 mol/L), a specific inhibitor of Rho-kinase, 21 which was added 15 minutes before the addition of the agonists. The inhibitory effect of hydroxyfasudil on the response to serotonin of each specimen was expressed as hydroxyfasudil-sensitive component calculated by the following equation; (F c ϪF h )/F cϫ 100(%), where F c and F h are the developed force to serotonin in the absence and presence of hydroxyfasudil, respectively. The developed tension was normalized and expressed as a percentage of that attained in the last contraction with 62 mmol/L KCl. 20 -22 
Histopathological Analysis of Human LITA
At the end of the organ chamber experiments, the arterial specimens were treated with sodium nitroprusside (5 mol/L) and were relaxed beyond the basal level. Then the arterial rings were dismounted from the hook and fixed with 5% formaldehyde for 30 minutes. After fixation, the arterial specimens were dehydrated, embedded in paraffin, and cut into 5-m-thick slices. These sections were stained with hematoxylin-eosin and van Gieson's elastic staining for photomicroscopy. Three areas were measured by using a computerassisted picture system. The intimal area (A i ) and medial area (A m ) were calculated by using the following formula: A i ϭA ie, ϪA l , A m ϭA ee ϪA ie, , where A ee , A ie, and A l are the area within the external elastic lamina (EEL), internal elastic lamina (IEL), and the lumen area, respectively. The degree of neointimal formation was expressed by two parameters; one is percent intima (% intima) calculated by using the following equation: A i /A ie,ϫ 100(%), and another is intima/ media ratio (I/M ratio) calculated by the following equation: A i / A mϫ 100(%). In addition, for quantitative analysis of medial thickening, wall-to-lumen ration (W/L ratio) was also calculated by using the following equation: ([A e /A l ] 1/2 Ϫ1)ϫ100(%).
Measurement of Rho-Kinase Activity and CPI-17 Phosphorylation
One of the major sites for phosphorylation of MBS by Rho-kinase both in vitro and in vivo has been identified as Ser-854, 25 and we have developed the antibody that specifically recognizes MBS phosphorylated at this site. 25 The extent of MBS phosphorylation in the strip was measured by SDS-PAGE, followed by electrophoretic transfer of the proteins to a nitrocellulose membrane. The amounts of phosphorylated MBS (MBS-P) in each sample were quantified by using immunoblot procedures. Briefly, the arterial specimens were removed from the hook at the maximal contractions and were immediately frozen by immersion in acetone containing 10% trichloracetic acid (TCA) cooled with dry ice, for Western blot analysis of MBS phosphorylations. The frozen arterial specimens obtained in the organ chamber experiments were washed three times with acetone containing dithiothreitol (10 mmol/L) to remove the TCA and dried. The dried ring was cut into small pieces, exposed to 200 L of SDS-PAGE sample buffer for protein extraction. The extracted samples (20 g of protein in each sample) were subjected to SDS-PAGE/immunoblot analysis by using the specific MBS-P antibody. The region containing MBS-P was visualized with an ECL Western Blotting Luminol Reagent (Santa Cruz Biotechnology). Similarly, the amounts of phosphorylated CPI-17 (CPI-17-P) in some samples were measured by immunoblot procedures by using anti-CPI-17-P antibody. 14
Drugs
The following drugs were used: 5-hydroxytryptamine (serotonin) and histamine (Sigma Chemical), hydroxyfasudil (Asahi Chemical) and sarpogrelate (Mitsubishi-Tokyo Pharmaceutical).
Statistical Analysis
The results are expressed as meanϮSEM. Throughout the text, n represents the number of arteries sampled. A repeated-measure ANOVA was performed to evaluate the global statistical significance, and if a significant F value was found, the Scheffe post hoc test was performed to identify the difference among the groups.
Results

Rho-Kinase and Vascular Reactivity in Human LITA
Serotonin concentration dependently caused contractions of the human arterial segments without endothelium, which reached a maximum in 5 to 8 minutes (Figure 1) . These contractile responses were almost abolished by the pretreatment with sarpogrelate, a selective 5-HT 2A receptor antagonist (10 mol/L) (70Ϯ8% versus 6Ϯ1% in the absence and presence of sarpogrelate, respectively, nϭ3, PϽ0.01). Serotonin-induced VSMC contractions of the human arteries were markedly inhibited by hydroxyfasudil (3 mol/L) (Figure 1) . Similarly, histamine (1 mol/L) caused contractions of the human arterial segments, which were also significantly inhibited by hydroxyfasudil (77Ϯ9% versus 48Ϯ8% in the absence and presence of hydroxyfasudil, respectively, nϭ3, PϽ0.01).
Rho-Kinase Activity in Human LITA
The extent of MBS phosphorylation was measured when the serotonin-induced contraction of each ring reached maxi- mum. [21] [22] Western blot analysis showed that MBS phosphorylation was significantly increased on stimulation by serotonin than under the control conditions ( Figure 2 ). In addition, enhanced MBS phosphorylation was markedly inhibited by pretreatment with hydroxyfasudil (3 mol/L) to the levels under control conditions ( Figure 2 ). Importantly, there was a highly significant positive correlation between the extent of MBS phosphorylations and that of the serotonin-induced contractions (Figure 3 ).
CPI-17 Phosphorylation During Serotonin-Induced Contraction in Human LITA
The extent of CPI-17 phosphorylation was also measured in some specimens. Western blot analysis showed that CPI-17 phosphorylation was significantly increased during the serotonin-induced contraction (Figure 4 ). However, pretreatment with hydroxyfasudil failed to inhibit the increase in CPI-17 phosphorylation on stimulation by serotonin ( Figure 4 ). In addition, there was no significant correlation between the extent of CPI-17 phosphorylations and that of the serotonininduced contractions (rϭ0.35, not significant).
A significant correlation was noted between the hydroxyfasudil-sensitive component of the serotonin-induced contraction and the extent of arteriosclerosis in human LITA ( Figure 5 ).
Discussion
The major findings of this study were that (1) VSMC contractions induced by serotonin and by histamine were significantly inhibited by the specific Rho-kinase inhibitor hydroxyfasudil in human LITA; (2) during the serotonininduced contractions, the extents of phosphorylations of both MBS and CPI-17 were significantly increased; however, hydroxyfasudil inhibited only the MBS phosphorylations but not the CPI-17 ones, (3) there was a significant correlation between the extent of serotonin-induced contractions and the extent of MBS phosphorylations but not that of CPI-17; and (4) there was a significant correlation between the extent of Rho-kinase-mediated component of the serotonin-induced contractions and the extent of arteriosclerosis of human LITA. To the best of our knowledge, this is the first study that demonstrates the Rho-kinase-mediated inhibition of MLCPh activity in human arteries.
Involvement of Rho-Kinase and CPI-17 in Agonist-Induced VSMC Contractions of Human Arteries
We have previously demonstrated that, in our porcine model with IL-1␤, coronary artery spasm is associated with enhanced MLC mono-and diphosphorylations along with a significant increase in MBS phosphorylation. 20, 21 Those changes were markedly suppressed by Rho-kinase inhibitors in our porcine model, where the expression and activity of the kinase were upregulated (Figure 6 ). 20 -22 The inhibitory effect of hydroxyfasudil is not nonspecific because it does not inhibit contraction responses of normal porcine coronary arteries both in vivo and vitro 5, 21 or those of human arteries when the extent of arteriosclerosis is minimal (in the present study). The level of MLC phosphorylations is determined by a balance between MLC phosphorylations by MLCK and its dephosphorylation by MLCPh 7,26 and the generation of diphosphorylated MLC is caused by inhibition of MLCPh in VSMC. 27 Thus, Rho-kinase plays a key role in the pathogenesis of coronary spasm in our porcine model by enhancing MLC phosphorylations through MLCPh inhibition ( Figure  6 ). 5,20 -22 The present study demonstrated that Rho-kinase is also substantially involved in the contractions of human arteries induced by serotonin and histamine. Recently, it was reported that Rho-kinase may be involved in agonistsinduced contractions of human arteries; however, no mechanistic consideration was made in this study. 28 In the present study, we were able to demonstrate that MBS phosphorylation was significantly increased during the serotonin-induced contractions of human VSMC, indicating that Rho-kinase is activated on stimulation by serotonin with resultant inhibition of MLCPh. In contrast, CPI-17 may not play a primary role in the contractions of human VSMC because the significant increase in CPI-17 phosphorylation during serotonin-induced contraction was not inhibited by hydroxyfasudil. These results suggest that, in the signal transduction for human VSMC contraction, Rho-kinase and CPI-17 are involved in different pathways and that Rho-kinase, but not CPI-17, plays an important role in the contractions of human VSMC ( Figure 6 ). It was previously reported that 10 mol/L of Y-27632, another Rho-kinase inhibitor, partially suppressed CPI-17 phosphorylation in rabbit femoral arteries 29 and in porcine aorta. 30 The discrepancy between our present finding and those previous reports is probably the result of the differences in the kind and concentrations of Rho-kinase inhibitors used and blood vessels tested, and of the presence or absence of atherosclerosis.
Role of Rho-Kinase in the Vasoconstriction of Human Arteries In Vivo
We have recently demonstrated that Rho-kinase is involved in the increased peripheral vascular resistance in patients with hypertension. 31 We also have recently demonstrated that intracoronary fasudil markedly suppresses coronary artery spasm in patients with vasospastic angina. 32 These results indicate that Rho-kinase is substantially involved in enhanced vasoconstriction in humans in vivo.
Effect of Arteriosclerosis on the Involvement of Rho-Kinase in the Contractions of Human VSMCs
Rho-kinase not only mediates VSMC contraction through MLCPh inhibition, but it also mediates various cellular functions that may stimulate the process of arteriosclerosis. 5 Indeed, we have recently demonstrated that Rhokinase is substantially involved in the pathogenesis of arteriosclerosis in various porcine models in vivo 33, 34 and that the long-term inhibition of the molecule, with either gene transfer 23 or a Rho-kinase inhibitor, 24 induces a regression of arteriosclerosis in vivo. We have also demonstrated that Rho-kinase plays an important role in the pathogenesis of hypertensive vascular disease (eg, medial thickening and perivascular fibrosis). 35 In the present study, there was a highly significant positive correlation between the extent of involvement of Rho-kinase in serotonin-induced contractions of human arteries and the extent of arteriosclerosis. These results suggest that Rhokinase may also play an important role in the pathogenesis of arteriosclerosis in humans.
Limitations of the Study
Several limitations can be mentioned for the present study. First, we used only human internal thoracic artery but not human coronary artery with coronary spasm for ethical reasons. However, the present study and our recent finding that intracoronary fasudil markedly suppresses coronary spasm in humans 32 strongly suggest that Rho-kinase is also substantially involved in the pathogenesis of the spasm in humans. Second, we cannot totally rule out the contribution of CPI-17 to the contractions of human arteries, especially in vivo. For this purpose, a selective inhibitor of CPI-17 needs to be developed.
In summary, the present study demonstrated that Rhokinase is substantially involved in the agonists-induced contractions of human arteries and that the contribution of Rho-kinase to the contractions increases as the extent of arteriosclerosis progresses. These results, together with our recent findings, 20 -24,31-35 suggest that Rho-kinase could be regarded as a novel therapeutic target for the treatment of arteriosclerotic cardiovascular diseases in humans.
